Understanding immunodominance, the phenomenon of epitope-specific T cells expanding in an often distinctly hierarchical fashion, is important for the design of T-cell-based intervention strategies. Several recent studies have investigated immunodominance of H-2D b -restricted CD8 ؉ T cells specific for the nucleoprotein NP366 and acid polymerase PA224 epitopes during influenza A virus infection of C57BL/6 mice. CD8
Successful clearance of viral infections often relies on CD8
ϩ T cells (11, 23, 24) . CD8 ϩ T cells (hereinafter also called cytotoxic T lymphocytes [CTL] ) can recognize viral epitopes that are presented by other cells on major histocompatibility complex (MHC) class I (27, 29, 32) . In many infections, CTL specific for only a few viral epitopes become activated. The activated CTL expand to reach different peak numbers. This hierarchy in numbers of epitope-specific CTL is called immunodominance (20, 26) . Since immunodominance is an important aspect of the dynamics of CTL responses, it is necessary to properly understand it, not only to gain fundamental insights into the functioning of immune responses but also for the design of T-cell-based vaccines and cancer treatments (6, 12, 15, 22) .
Despite all we do know about immunodominance, much remains to be understood (13, 25, 26) . Because the processes involved in immunodominance are so complex, studies combining experiments with mathematical models might be useful (28) , and a few mathematical studies have shed light on some aspects of immunodominance (18, 19) . Nevertheless, we are still far from a full understanding. Indeed, it is likely that there is no universal mechanism causing immunodominance, but instead, in different pathogen-host systems, different mechanisms are responsible for the observed immunodominance hierarchies (25) .
One pathogen-host system that has been used in a number of recent studies on immunodominance is influenza A virus infections in C57BL/6 mice. During a primary influenza virus infection, H-2D b -restricted CTL specific for the nucleoprotein NP366 and acid polymerase PA224 epitopes are codominant: the CTL responses to these two epitopes are of similar magnitudes. Following rechallenge with a heterologous influenza virus strain, the NP366 response is several times larger than the PA224 response (3, 8) . Different explanations for this finding have been proposed, which we describe briefly below.
Different numbers of NP366-and PA224-specific memory CTL (Fig. 1A) . The simplest explanation for a larger NP366-specific CTL response during secondary infections is to assume that after primary infection, NP366 CTL contract less, leading to a higher number of NP366 memory CTL. However, measurement of the memory cells found no difference between the two epitope-specific CTL (8) .
Differences in antigen presentation between primary and secondary responses (Fig. 1B) . A study by Crowe et al. suggested that only dendritic cells (DC) are efficient presenters of PA224 while NP366 was expressed by a broader range of cells (8) . Under the assumption that naive CTL need activation by DC while memory CTL can also be activated by other antigenpresenting cells, a higher level of NP366 presentation available for CTL activation during the secondary response could explain the preferential expansion of NP366 over PA224 CTL. However, other studies have since suggested that memory cells also need DC to be activated (31) and might in fact have more-stringent activation requirements (2). Additionally, it was shown that non-DC can also process and present PA224, albeit with lower efficiency (7) .
Unequal antigen presentation and CTL numbers between NP366 and PA224 (Fig. 1C) . Using a technique that allowed disabling of the NP366 and PA224 epitopes in their native location and their reexpression in the neuraminidase stalk of the virus, La Gruta et al. showed that DC present NP366 at higher levels than those of PA224 and that changing peptide-MHC (pMHC) levels on DC affected the CTL immunodominance hierarchy (16) . Based on these findings, the authors proposed a model whereby high NP366 antigen presentation by DC, combined with low numbers of NP366-specific naive CTL, results in a primary response equal to the PA244 response, with lower epitope-specific antigen presentation but more PA224-specific naive CTL. In the secondary response, equal numbers of NP366 and PA224 memory cells, combined with higher NP366 presentation, lead to the observed dominance of the NP366 CTL. However, a recent study found no appreciable differences in the numbers of NP366-and PA224-specific naive CTL (14) .
Dynamic interactions between CTL and antigen (Fig. 1D) . None of the just-described verbal models can fully explain the experimental data. In this article, we show that even if the numbers of naive and memory cells do not differ between NP366-and PA224-specific CTL and additionally NP366 antigen is expressed at higher levels than PA224 during both the primary and secondary responses, we can recover the observed codominance of CTL during the primary response and dominance of NP366 CTL during the secondary response, thus reconciling current experimental studies (7, 8, 14, 16) . This perhaps surprising result comes about due to dynamic interactions between T-cell numbers and levels of antigen presentation. In the initial response, the CTL are limiting. All epitope-specific CTL become activated, and the equal levels of naive NP366 and NP224 cells lead to equal peaks. However, during the secondary response, antigen presentation is limiting, and the higher level of NP366 presentation leads to a dominant NP366 response.
MATERIALS AND METHODS
To understand the observed immunodominance hierarchies of NP366-and PA224-specific CTL during primary and secondary influenza virus infections, we use a simple mathematical model that describes the dynamics of virus, antigen presentation, and CTL activation and expansion. This model is similar to one used previously (18) . The model (Fig. 2 ) considers virus load (V), epitope-specific pMHC complexes on DC (P i ), unactivated epitope-specific CTL (T i ), and activated epitope-specific CTL (T i ‫ء‬ ). The index i is a label for NP366 (i ϭ 1) or PA224 (i ϭ 2) specificity.
In line with experimental data, we assume that virus initially grows exponentially at rate r. It is then reduced by the activated CTL at rate k i . This happens through killing of infected cells, which we do not model explicitly. Presentation of pMHC on activated DC increases proportionally to the amount of virus at rate f i and decays at a fixed rate, d i . The pMHC on DC can then activate epitopespecific CTL, T i , according to a mass-action term with rate a i . The activated CTL, T i ‫ء‬ , proliferate by clonal expansion at rate g i . To keep the model simple, we study only the dynamics during the expansion phase of the CTL, up to the peak of the response, which occurs around days 8 to 10 for both primary and secondary infections (3, 4) . It would be possible to include the CTL contraction phase (9), but the model would become more complicated, and for this study, we are interested only in the CTL dynamics up to the peak.
There are two ways in which activated CTL can reduce antigen presentation on DC. The first mechanism, which we just described, is through killing of infected cells, which reduces virus load and thereby antigen uptake and presentation on DC. An alternative mechanism involves direct reduction of antigen presentation through killing or otherwise disabling of DC by CTL. Some evidence suggests that antigen presentation on DC during influenza virus infections can be regulated directly by CTL in a perforin-dependent manner, at least during secondary infections (5) . However, it is not clear to what extent this also occurs during primary responses. Additionally, one study did not find any indication that knockout of either the pfp or gld gene (both of which are thought to be involved in killing by CTL) changed the immunodominance hierarchy between primary and secondary responses, arguing that elimination of DC is not a mechanism by which CTL of different epitope specificities compete (7).
We investigated both possibilities, one in which pMHC levels are indirectly regulated through CTL reducing the viral load and one in which CTL directly reduce pMHC levels by inactivating DC. The two models produced very similar results. For reasons of simplicity, we present only the model where CTL reduce the virus load. The other model is identical to the one shown below, apart from a CTL-dependent killing term analogous to the second term in the virus equation, added to the equation describing pMHC dynamics. The model is shown schematically in Fig. 2 ; the equations are given by A few of the model parameters can be obtained from the literature. In line with recent findings, we set the number of unactivated, epitope-specific CTL to 500 and 10,000 for the naive and memory responses, respectively (8, 14) . The initial growth rate of virus can be obtained from studies reporting viral load data. There is limited evidence that initial virus growth is similar during primary infection and secondary infection with a heterologous challenge strain (30) . We used these data to estimate an approximate value for the initial growth of the virus at around r ϭ 3 per day. Different values for r also lead to the results described below if the other parameters of the model are adjusted accordingly. Since virus load in our model is given in arbitrary units, we set the inoculum size to 1 at the beginning of the infection. No antigen-presenting DC or activated CTL exist initially. The rates of pMHC expression, f i , rate of activation and clonal expansion of CTL, a i and g i , and rate of virus reduction, k i , are not known and were chosen by us to match reported data (see Results). The rate of pMHC decline is set at d ϭ 1 per day, equal for the two different epitopes, in line with recent data (5). The parameter values are listed in Table 1 . Note that, crucially, all parameters apart from the number of unactivated CTL are identical between primary and secondary responses. Additionally, the only difference between the parameters describing the NP366 and PA224 responses are a higher rate of pMHC expression for the NP366 epitopes (5, 16) .
RESULTS
We use the model described in Methods to show that it is possible to reproduce the immunodominance hierarchy observed during primary and secondary influenza A virus infections given the known experimental data. Unfortunately, the currently available data are somewhat limited. To our knowledge, direct measurements of the number of pMHC complexes on DC specific for either epitope and the rate at which pMHC/DC activate CTL are not available. However, a recent study reported the ability of pMHC/DC to activate NP366-or PA224-specific CD8 T cells during primary and secondary responses of influenza A virus infection (5). Here we make the assumption that these data are proportional to the number of pMHC on activated DC. For simplicity, we assume a direct correspondence to P i in our model. In addition, from a different study, we obtained data for the NP366-and PA224-specific CTL responses in vivo after primary and secondary influenza virus infection (4). We used these data (4, 5) to help us guide our choice for the parameters g i , f i , k i , and a i . The parameter values of the model were chosen "by hand" to match the data. This should not be confused with a more rigorous approach of fitting models to data. Due to a lack of data that directly correspond to the variables of the model and because we combined data from different studies, the fitting approach is not feasible here. We therefore want to stress that the simultaneous plotting of data and model, as shown in the figures below, is done to illustrate overall agreement between our model and the experimental findings and should not be confused with data fitting.
The model reproduces the primary and secondary responses of NP366 and PA224 CTL in wild-type infections. With the parameter choices given in Table 1 , our model produced results that match the data (Fig. 3) . We found that for the primary response, the NP366-and PA224-specific CTL reached almost identical levels despite much higher NP366-specific presentation than that for PA224 and equal numbers of naive NP366 and PA224 T cells (Fig. 3, top) . This is due to the fact that all epitope-specific, unactivated CTL get activated and expand, independently of the amount of antigen presentation. Even for the less-expressed PA224 epitope, there is plenty of stimulus to rapidly activate virtually all precursor CTL, leading to equal responses.
For a secondary response with a heterologous challenge strain, the immunodominance hierarchy changes, favoring NP366, the level of which is about five times higher than that of PA224 (4, 8) . The mathematical model with the same parameter values as used for the primary response, only with different numbers of initially unactivated memory cells, can also reproduce the CTL dynamics during secondary responses (Fig. 3, bottom) . The number of unactivated CTL is much higher than that in the primary response, and these CTL, once activated, quickly reduce the viral load (through killing of infected cells). This leads to much lower levels of pMHC expression, and antigen presentation now becomes the limiting   FIG. 3 . Dynamics of pMHC/DC and CTL during primary and secondary infections with influenza A virus. Top, primary infection. Number of initially unactivated, naive CTL, T 0 ϭ 500 for both epitopes (14) . Bottom, secondary infection. Same as top but T 0 ϭ 10,000 epitopespecific, unactivated memory cells (8) . The only difference between the NP366 and PA224 epitopes is that NP366-specific pMHC (black) are created at a higher rate than the PA224 pMHC (gray). The symbols in the left-column figures denote data for epitope-specific CTL activated by antigen-presenting cells ex vivo (see Fig. 1 and 2 in reference 5) , which is assumed to be proportional to pMHC levels (see the text). The data in the right column figures are numbers of CTL obtained from the mediastinal lymph nodes (MLN) (see Fig. 5 in reference 4) . The model starts 1 day p.i. to incorporate the time for DC migration to the MLN. 
Ϫ3
a All parameters are in units of 1/day. Note that only the rate of increase of pMHC is chosen differently between the two epitopes. See the equations, Fig. 2 , and the text for more details.
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factor in the secondary response. Since NP366 is presented at a higher level, CTL specific for this epitope dominate the response. While the rapid increase in activated CTL between days 1 and 2 shown in the figure might seem surprising, we think that if it were possible to measure numbers of endogenous, activated CTL this early (which to our knowledge has not been possible due to limits in assay sensitivity), one would see such a rapid increase. Recent findings for the dynamics of CTL activation, using two-photon intravital microscopy, seem to back this (10, 17) . Several hours after infection, CTL start to form long-lasting conjugates with DC, which then leads to activation. This activation, which we model with a mass-action term (the a i P i T i term), leads to the rapid increase in activated CTL, followed by clonal expansion.
The model reproduces the primary and secondary responses of NP366 and PA224 CTL in virus epitope knockout experiments. We wanted to further test our model using additional data. A few recent studies selectively knocked out the PA224 or NP366 epitope and studied how this influenced the immunodominance hierarchies during primary and secondary responses (1, 21) . It was found that during the primary response, knocking out either the PA224 or NP366 epitope did not lead to a significant increase in the CTL response of the other epitope, while during the secondary response, knocking out the NP366 epitope led to PA224 compensation but not vice versa (1, 21) . We checked if our model could reproduce these experimental findings. As Fig. 4 shows, this was indeed the case. The results can again be explained by the fact that in the primary response, naive CTL are limiting, not antigen. Therefore, removing one epitope (and thereby CTL which reduce virus/pMHC levels) does not matter. For the secondary response, the high presentation of NP366 on DC provides the NP366-specific T cells with enough stimulation, independently of the presence or absence of the PA224 CTL. However, removing the NP366 CTL population leads to a higher viral load, which in turn provides the increase in pMHC needed by the PA224 CTL to expand more.
DISCUSSION
Understanding immunodominance is important, not only to gain better insights into the function of immune responses but also for practical purposes, such as the development of T-cellbased vaccines. The immunodominance hierarchies during influenza A virus infections in H57BL/6 mice have been studied in detail (7, 8, 16) . While the results from these studies have led to important insights, none of the proposed verbal models was completely satisfactory in explaining the data. Here we used a simple mathematical model to explain the seemingly inconsistent data. Maybe surprisingly, our results show that even when NP366 antigen presentation is higher than PA224 presentation during both primary and secondary responses and the number of nonactivated CTL are the same for NP366 and PA224 epitopes, the outcome is equal NP366 and PA224 responses during the primary response, while the NP366 CTL dominate the secondary response. This result can be explained by virtue of a "numbers game" between antigen presentation levels and CTL numbers. During the primary response, CTL are limiting; during the secondary response, antigen presentation is limiting. This alone, combined with the dynamic interactions between pMHC/DC and CTL, can lead to the observed results.
We were able to further test our model by comparing it to results from experimental studies with NP366 or PA224 knockout virus. We found that our model was also able to reproduce these experimentally observed data. The explanation for the knockout studies is again that if antigen is limiting (which is the case for PA224 during secondary responses), knocking out a competing epitope leads to an increase in CTL for the remaining epitope, while epitope knockouts for situations where antigen is not limiting (all other cases) do not influence the CTL responses.
We have focused on the NP366 and PA224 epitopes, the two most prominent H-2D b -restricted CD8 ϩ T-cell responses during primary influenza A virus infection of C57BL/6 mice. We did so because most data were available for these two epitopes, especially data on epitope-specific CTL activation by DC reported in reference 5, which we used as a proxy for pMHC levels. If more data were available for other epitopes, it would be straightforward to extend our model and test if it will also properly predict the immunodominance dynamics for these additional epitopes.
Overall, our results show that the dynamic interactions between populations of cells can lead to different outcomes solely due to changes in the quantitative levels of the involved cell populations. It is not necessary to invoke qualitatively different mechanisms. In our opinion, this is an often-overlooked point. We argue that while uncovering novel mechanisms is important, so are quantitative analyses of the complicated dynamics governing infections and immune responses. In focusing on a purely mechanistic, qualitative approach, valuable insights might be missed. We hope that this study illustrates the use- fulness of a quantitative, dynamic approach. There is strong evidence that no unifying, simple model can account for the complex, multifactorial processes that lead to immunodominance in different host-pathogen systems (25) . Nevertheless, we think that studies combining mechanisms with dynamics and mathematical models with experimental data can be very useful in furthering our understanding of this complicated and important aspect of immunology.
